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A GAS-KINETIC BGK SCHEME FOR THE COMPRESSIBLE NAVIER-STOKES
EQUATIONS*

KUN XUt

Abstract. This paper presents an improved gas-kinetic scheme based on the Bhatnagar-Gross-Krook
(BGK) model for the compressible Navier-Stokes equations. The current method extends the previous gas-
kinetic Navier-Stokes solver developed by Xu and Prendergast by implementing a general nonequilibrium
state to represent the gas distribution function at the beginning of each time step. As aresult, the requirement
in the previous scheme, such as the particle collision time being less than the time step for the validity of
the BGK Navier-Stokes solution, is removed. Therefore, the applicable regime of the current method is
much enlarged and the Navier-Stokes solution can be obtained accurately regardless of the ratio between
the collision time and the time step. The gas-kinetic Navier-Stokes solver developed by Chou and Baganoff
is the limiting case of the current method, and it is valid only under such a limiting condition. Also, in
this paper, the appropriate implementation of boundary condition for the kinetic scheme, different kinetic
limiting cases, and the Prandtl number fix are presented. The connection among artificial dissipative central
schemes, Godunov-type schemes, and the gas-kinetic BGK method is discussed. Many numerical tests are

included to validate the current method.

Key words. gas-kinetic method, Navier-Stokes equations, Chapman-Enskog expansion, kinetic bound-

ary condition, artificial dissipation, Godunov method
Subject classification. Applied Numerical Mathematics

1. Introduction. There are many approaches for the numerical solution of the compressible Navier-
Stokes equations. Godunov-type schemes solve the Navier-Stokes equations in two steps, i.e., the inviscid
Euler step and the viscous step. The Euler solution is based on an exact or approximate Riemann solvers.
For the viscous part, a central difference method is generally adapted [13, 31].

Based on the gas-kinetic theory, the Navier-Stokes equations can be derived from the Boltzmann equation
using the Chapman-Enskog expansion. Therefore, a Navier-Stokes solver can be equally obtained by solving
the Boltzmann equation, especially the simplified collision models [3, 2]. In the gas-kinetic representation,
all flow variables are moments of a single particle distribution function. Since a gas distribution function
is used to describe both equilibrium and nonequilibrium states, the inviscid and viscous fluxes are obtained
simultaneously. Furthermore, due to the Boltzmann equation, the kinetic method and the Direct Simulation
Monte Carlo (DSMC) method could possibly be matched in the near continuum regime [18]. But, this
does not mean that the gas-kinetic schemes are always superior in comparison with Godunov-type schemes
for the Navier-Stokes solutions. There is also an operator splitting procedure in solving the Boltzmann
equation. In many kinetic schemes, the free transport equation or the collisionless Boltzmann equation, i.e.,
fe+ufz =0, is used for the flux evaluation across a cell interface. Then, the collision part, i.e., fi = Q(f, f),
is implemented inside each cell. Even though a nonequilibrium gas distribution function fy can be used
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as the initial condition for the free transport equation [6], as discussed in the current paper the validity of
this kind of kinetic methods for the Navier-Stokes equations requires p/p 3> At, where p is the dynamical
viscosity coefficient, p is the pressure, and At is the numerical time step. With the introduction of particle
collision time 7, the above requirement is equivalent to 7 > At. Note that for any viscosity coefficient u, the
corresponding particle collision time 7 can be obtained from a simple kinetic model [22, 17]. The underlying
reason for the above requirement is that the free transport mechanism introduces a numerical collision time
At, which generates a numerical viscosity being proportional to it, i.e., t, ~ At [19]. Therefore, the condition
7 3> At means that the physical viscosity coefficient (~ 7) should be much larger than the numerical one
(~ At) in order to have an accurate Navier-Stokes solution. As analyzed in this paper, in some situations
the above requirement cannot be satisfied, and the above kinetic scheme can perform poorly.

The BGK scheme differs from the above kinetic method is mainly on the inclusion of particle collision
time 7 in the gas evolution stage. Instead of solving the collisionless Boltzmann equation, a collisional BGK
model is solved for the flux evaluation, i.e., fy+uf, = (¢9— f)/7 [1]. As a consequence, the dissipation in the
transport process is controlled by the collision time 7 instead of the time step At. As analyzed previously
[42, 37], the BGK scheme does give the Navier-Stokes solution in the region where 7 < At. Under such a
situation, the distribution function used for the flux evaluation in the BGK method automatically goes to
a Chapman-Enskog expansion of the BGK equation. The current paper is about the extension of the BGK
scheme by including a non-equilibrium state as the initial condition of the gas distribution function. As
a result, a nearly consistent kinetic method for the Navier-Stokes equations is developed, which is valid in
both 7 < At and 7 > At cases. In other words, the influence of time step At on the accuracy of the viscous
solution is reduced to a minimal level. Many test cases are included to support the arguments. Also, in the
current paper, the appropriate implementation of boundary condition, Prandtl number fix, and the relation
among the schemes with arificial dissipation, upwinding, and kinetic approximation, will be discussed.

2. A BGK Scheme. The fundamental task in the construction of a finite-volume gas-kinetic scheme
for the compressible flow simulation is to evaluate a time-dependent gas distribution function f at a cell

interface, from which the numerical flux can be obtained.

2.1. Reconstruction. Following van Leer’s MUSCL idea [32], a numerical scheme is composed of
an initial reconstruction stage followed by a dynamical evolution stage. At the beginning of each time step
t = 0, cell averaged mass, momentum and energy densities are given. For a higher order scheme, interpolation
techniques must be used to construct the subcell structure. Simple polynomials usually generate spurious
oscillations if large gradients exist in the data. The most successful interpolation techniques known so far
are based either on the TVD, ENO or LED principles[10, 11, 15]. These interpolation techniques can be
applied to the conservative, characteristic or primitive flow variables. In this paper, the reconstruction is
solely applied to the conservative variables. The limiter used is the van Leer limiter. With the cell averaged
conservative variables w;, and their differences s; = (wj41 — wy)/Ax and s_ = (w; — w;_1)/Ax, the slope
of w in cell j is

S S_
L(ss,s.) = S(w»%,

where S(si,s_) = sign(sy) + sign(s_). After reconstruction, the conservative variable w inside cell j is

distributed linearly,

wj(x) = wj + L(sy,5-)(2 — 2;),



and the interpolated flow distribution around a cell interface is shown in Fig.(4.1). The BGK scheme is
basically to present a numerical Navier-Stokes solution from the above macroscopic initial condition, where
the inviscid and viscous fluxes are obtained simultaneously in the evolution of the gas distribution function

I
2.2. BGK Model. Since we are going to use a directional splitting method to solve the 2D BGK

equation. The BGK model in the x-direction can be written as [17]

(2.1) forufe=9=7
T

where f is the gas distribution function and g is the equilibrium state approached by f . Both f and g are
functions of space z, time ¢, particle velocities (u,v), and internal variable £. The particle collision time 7 is
related to the viscosity and heat conduction coefficients. The equilibrium state is a Maxwellian distribution,

g = p(2)ER AU -V
™

where p is the density, U and V are the macroscopic velocities in the # and y directions, and X is related
to the gas temperature m/2kT. For a 2D flow, the particle motion in the z direction is included into the
internal variable &, and the total number of degrees of freedom K in ¢ is equal to (5 — 3y)/(y — 1) + L.
In the equilibrium state, &2 is equal to &% = & + &2 + ... + £%. The relation between mass p, momentum

(n = pU,m = pV), and energy E densities with the distribution function f is

P

n
(2.2) = /wade, a=1,223,4,

m

E
where 1, is the component of the vector of moments

1
¢ = (¢17¢27¢37¢4)T = (17U7U7 5(“2 + U2 + £2))T7

and dZ = dudvdg is the volume element in the phase space with dé = dé;dés...déx . Since mass, momentum
and energy are conserved during particle collisions, f and g satisfy the conservation constraint

(23) /(g - f)d’ada = 07 o= 17273747

at any point in space and time. For an easy reference, the formula of the moment of a Maxwellian in 2D are
presented in Appendix A.

For a local equilibrium state with f = g, the Fuler equations can be obtained by taking the moments of
¥q to Eq.(2.1). This yields

/wa(gt + ug,)d= = 0, a=1,2,34.

and the corresponding Euler equations in z-direction are

p pU

U U2

G S It N Y
1% pUV

E ), (E+p)U

T



where E = 1p(U? + V2 + ££2) and p = p/2].
On the other hand, to the first order of 7, the Chapman-Enskog expansion gives f = g — 7(gs + ug).
Taking moments of 4 again to the BGK equation with the new f, we get

/ (g5 + uge)d= = 7 / D (g1t + 2ugas + 12g00)dE,

from which the Navier-Stokes equations with a dynamic viscous coefficient y = 7p can be obtained,

p pU 0
U U? + S1g

(2.4) Gl I B O B B
pV pUV 82z

E /, (E+p)U

x S3a x
where

oUu 2 oU oV

$12 = 7P[2 N K—H(%-’_@_y)]’
2¢ = TP 6(1) 6y
oU ov.  oU 2 oUu ov K+490 1
s = PRV GV G T o) T k720 e Ty T 1 e )

For the 1D flow, where only U-velocity exists, the above viscous governing equations become

p pU 0
pU | + | pU%+p | = 2 U,y )
E), (E+pU) , EBp(3)e + 570U )

where K = (5 —3y)/(y— 1) and E = Lp(U? + KQ—JXI) From the above Navier-Stokes equations, an exact

solution of a shock structure can be obtained.

2.3. BGK flow solver. The general solution of f of the BGK model at a cell interface x;,1/,> and

time ¢ is
1 [t
(2.5) f($j+1/2atauavaf): ;/0 g(x t' u,v, Ee” (t- t)/Tdt +et/T f0($]+1/2—Ut)

where &' = 2,1/ — u(t — t') is the trajectory of a particle motion and fy is the initial gas distribution
function f at the beginning of each time step (¢t = 0). Two unknowns g and fy must be specified in Eq.(2.5)
in order to obtain the solution f. In order to simplify the notation, @;,,/> = 0 will be used in the following
text.

In all previous BGK schemes [37], based on the initial macroscopic variables, see Fig.(4.1), the initial

gas distribution function fy is assumed to be

{gl [1+adlz], <0
fo=

(2.6)
g"[l+a"z], >0

where ¢! and g" are the Maxwellian distributions at the left and right of a cell interface. The slopes a' and a”
are coming from the spatial derivative of a Maxwellian and have a unique correspondence with the slopes of
the conservative variables. Note that the formulation of a' and a” will be given later. The basic assumption



in the above formula is that, even with a discontinuity at the cell interface, the gas is assumed to stay in an
equilibrium state on both sides of the discontinuity. This assumption is valid for any flow simulation, where
the cell size Ax cannot properly resolve the viscous flow structure, such as in the shock capturing case of
the Euler equations. When the cell size is much larger than the shock thickness, the shock does appear as
a discontinuity and the flows in the upstream and downstream stay in equilibrium states. However, if the
mesgh size is fine enough to well resolve the physical shock structure, the initial gas distribution function fy
should give an accurate description of the real physical situation inside a shock wave, which deviates from an
equilibrium Maxwellian. Therefore, a non-equilibrium state must be used to represent the physical reality
in this case! So, in order to represent a general situation, in the current paper the initial gas distribution

function fy will be agssumed to have the form,

¢ 1+da—r(@u+4)], <0
g [1+az—7(@u+A")], >0

(27) fo={

where additional terms represent the nonequilibrium states from the Chapman-Enskog expansion of the BGK
model. Again, the detail formulation of (a!, A',a”, A™) will be given at a later time. Basically, the additional
terms of —7(a'u + AY)g' and —7(a"u + A7)g" account for the deviation of a distribution function away from
a Maxwellian. Since the nonequilibrium parts have no direct contribution to the conservative variables, i.e.,

/(alu + AYygld= =
(2.8) [@uranudiz=o

both distributions Eq.(2.6) and Eq.(2.7) represent basically the same macroscopic distributions shown in
Fig.(4.1) ! Hence, we can clearly observe that a gas-kinetic approach does have more freedom to describe a
flow. To keep an initial non-equilibrium state in the gas distribution is physically necessary and numerically
possible. It gives a more realistic description of the flow motion in the dissipative region. Many kinetic
schemes have used the Chapman-Enskog distribution function as the initial condition [6, 16].

After having fg, the equilibrium state g around (z = 0,¢t = 0) is assumed to have the same form as that

proposed in the previous BGK schemes [37],
(2.9) g=go[1+ (1 -H[z]))a'z + Hz]a"z + At],

where H[z] is the Heaviside function defined as

0, <0,
1. z>0.

H[x]:{

Here g is a local Maxwellian distribution function located at © = 0. Even though, g is continuous at z = 0,
but it has different slopes at z < 0 and & > 0, see Fig.(4.2). In both fy and g, o}, A',a”, A7,@,a", and A
are related to the derivatives of a Maxwellian in space and time.

The dependence of a,a, ..., A on the particle velocities can be obtained from a Taylor expansion of a

Maxwellian and have the following form,

1
a' =al +du+alv +afl§(u2 + 0% + &%) = d 4,

1
Al = A+ Ajut Agu + ApS (u® + 0% + €)= agila,



L _ 1 _
A=A +A2U+A3U+A4§(U2 +£2) = Aad}aa

where @ = 1,2, 3,4 and all coefficients a!,al, ..., A4 are local constants.
In the reconstruction stage described earlier, we have obtained the distributions g;(x), m;(x), fi;(x),

and E_j (#) inside each cell z;_, /2 ST < Tjq1/2. At the cell interface x4, /2, the left and right macroscopic

states are
Pi(%jv1/2) Pi+1(Tj1/2)
_ M (Tjs1/2) _ M1 (Tj41/2)
W (Tjqp1/2) = | _ s Wip1(Tjprs2) = |
A 7 (Tjt1/2) AR AR i1 (g1 /2)
Ejn (xj+1/2)

Ej(@jt1/2)
By using the relation between the gas distribution function f and the macroscopic variables (Eq.(2.2)),

Wi (Tj1/2) — w;(T5)
Az~

around ;2 we get

/gld’da =W (Tj41/2) ; /glalz/)dE =

Wit1(Tj1) — Wit1(Tj41/2)
Azt

(2.10)

(2.11) [oedE =t o [orarpas =
where Az~ = ;410 — x5 and Azt = 25,1 — x4 /2. With the definition of the Maxwellian distributions,

A=

K42
Al 2 ! u— N2 v— 2 2
gl:pl(—) e )‘(( U)+( V)+§ )’
™
A'r’ K;—2
g = () T e N (U e
™
and from Eq.(2.10) and (2.11), all the parameters in ¢' and g" can be uniquely determined,
4 pj (xj+1/2)
vt _ | mi@ia2) /P54 s2)
vt 5 (%j41/2)/ Pi(@j11/2)
A A
and
p Pi+1(Tjt1/2)
ur _ | min (@j172)/Pi1(@jga/2)
vr Mj1(Tj1/2) /P41 (g1 /2)
AT A"
where
A= (K +2)pj(®41/2)
4 (Ej(xﬂ‘l/Q) - %(m?(xj+1/2) + ﬁ?(xj+1/2))/ﬁj($j+1/2))
and
_ (K +2)pjt1(2jt1/2)
4(Bja (zj41/2) = 50510 (@501 /2) + 7341 (241/2)) ) Bjr (@1 /2)



Once g" is obtained from the above equations, the slope a” in Eq.(2.11) can be computed from,

T
@

Wip1(Tj1) — W1 (Tjp1r2) 0 @ |,

(2.12) At = Mgy ay | = Mass
ay

where M7 ; = [ g"atpd=/p". The matrix and the direct evaluation of the solution (a7, a5, a%,a;)? from
the above equation are presented in Appendix B. For ¢!, the matrix M, (lxﬂ = glwawng/ p' has the same
structure as M, (af,ah,a},a})” in Eq.(2.10) can be obtained similarly using Appendix B. After having

the terms a' and a”, A' and A" in fy can be found from Eq.(2.8), which are
TR | ! =
M.sAp = o @' u)od=,
1
(2.13) MygAp = o /aTuwadE.

Since M fxﬂ, Mg 5, and the right hand sides of the above equations are known, all parameters in A! and A"
can be obtained subsequently using the method in Appendix B again.
After determining fg, the corresponding values of pg, Uy, Vo and Ag in go Eq.(2.9),
K42
go = po(ﬁ) e ho((u—U0)2+(v—Vo)?+€%)
™

can be determined as follows. Taking the limit ¢ — 0 in Eq.(2.5) and substituting its solution into Eq.(2.3),
the conservation constraint at (x = x;41/2,t = 0) gives

(2.14) / God= = wo = / / gpd= + / / Pz,
u>0 u<0

where wg = (po, Mo, no, Eo)T. Since ¢! and ¢ have been obtained earlier, the above moments can be
evaluated explicitly. Therefore, the conservative variables pg,mg,ng, and Fy at the cell interface can be

obtained, from which gg is uniquely determined. For example, Ag in gg can be found from
1
Ao = (K +2)po/(4(Eo — §(m02 +n3)/po))-

Then, @ and @ of g in Eq.(2.9) can be obtained through the relation of

a1
2.15 wj+1 (xj'i‘l) — Wy _ MO ag —_ a0 =7
( . ) p0A$+ — Hag ag = Mypag,
ay
and
a
(2.16) LW_MO T
. poAfL'_ — Hapg 6}3 - aBls3s
a

where the matrix M2, = [ gotpatppd=/po is known. Therefore, (af,as,ay,ay)” and (a},ah,ay,ay)” can be
found following the procedure in Appendix B.



Up to this point, we have determined all parameters in the initial gas distribution function fy and the
equilibrium state g at the beginning of each time step ¢ = 0. After substituting Eq.(2.7) and Eq.(2.9) into
Eq.(2.5), the gas distribution function f at a cell interface can be expressed as

f@jp2,tu,0,8) = (1 - e™")go
+ (r(=1+e7t/m) + te7/7) (@'H[u] + @ (1 - H[u))) ugo
+7(t/T —1+e7H7)Age
+et/T (Q—ult+ ma)Hulg' + (1 — u(t + 7)a")(1 - Hlu])g")
(2.17) +e V7 (=7 AH[ulg' — 7AT(1 — H[u])g") .
The only unknown left in the above expression is A. Since both f (Eq.(2.17)) and g (Eq.(2.9)) contain

A, the integration of the conservation constraint Eq.(2.3) at Tjy1/2 over the whole time step At gives

/ a [ (- pwaeaz~o.

which goes to

Mgﬂﬁg = Plo / ['ylgo + Tou (alH[u] +a"(1- H[u])) 9o
+ s (Hulg' + (1 — H[u])g")
+ 7au (a'Hlulg' + a" (1 — H{u])g")
(2.18) + 5 ((a'u + AHH[u]g' + (a"u + A™)(1 — H[u])g")] ¥adE,

where

Y0 = At —7(1— e A7),
n=—(1-e2)/x,
Yo = (—At +27(1— e AYT) - Ate‘At/T) /7o,
13 = (1= € 27) [,
Yy = (Ate‘At/T —7(l- e‘At/T)) /7o,
15 =7(1— e 27) /.
Since all moments of the Maxwellian on the right hand side of Eq.(2.18) can be evaluated using Appendix

A, Eq.(2.18) can be solved to find (4, Ay, A3, A4)7 using Appendix B again.

Finally, the time-dependent numerical fluxes in the z-direction across the cell interface can be computed

as
A 1

(2.19) JZ__’: = /u Z f(@jt1/2,t,u,0,§)dE,
Fe/ jia 3@ +07 + %)

where f(xj41/2,t,u,v,§) is given in Eq.(2.17). By integrating the above equation to the whole time step,
we can get the total mass, momentum and energy transport.



2.4. Analysis. In this section, we are going to analyze the BGK scheme presented in the last section.
Many issues related to the kinetic limits, collision time, Prandtl number fix, boundary condition, and kinetic
model, will be addressed.

2.4.1. Navier-Stokes Solver. In order to verify that Eq.(2.17) corresponds to a Navier-Stokes solu-
tion, let’s consider the following limiting case. Eq.(2.17) gives explicitly the time-dependent gas distribution
function f at the cell interface. In a well resolved flow region, such as in a resolved shock layer, the recon-
structed conservative variables in Fig.(4.1) will become approximately a straight line. In such a case, the
distribution function fy has ¢' = g" and o' = a”. Consequently, Eq.(2.14) gives go = ¢' = ¢", and Eq.(2.15)
and (2.16) reduce to @ = @” = a' = a”. As a result, A determined in Eq.(2.18) is exactly equal to A' and A"
in Eq.(2.13). Therefore, without any further assumption, the gas distribution function f at a cell interface

becomes
(2.20) f=g0[1-r7(ua+A) +t4],

where —7(ua + A)go is exactly the nonequilibrium state in the Chapman-Enskog expansion of the BGK
model [37], and goAt is the time evolution part of the gas distribution function. The equation (2.20) is
the equation we used for the low Mach number viscous flow calculations [29], where the accuracy of the
above formulation is well established. Note that in deriving Eq.(2.20), we have not required the assumption
T < At, which has been used previously [37]. The only requirement here is that the dissipative region is well
resolved, such as the case with 5 — 10 grid points in the shock or boundary layers. In the under-resolved
region, the BGK scheme will present a viscous solution for the discontinuous initial data.

In the paper by Chae, Kim, and Rho [4], they basically interpolated gou@ as the nonequilibrium state of
the Chapman-Enskog expansion. Actually, the correct form should be gg(u@ + A), and only this one could
satisfy the requirement [ go(au + A)ypd= = 0.

2.4.2. Collision time. In a well resolved dissipative region, such as the cell size Ax is smaller than
the dissipative length scale determined by the physical viscosity, the collision time 7 in the BGK scheme can
be naturally determined by the physical relation

T = u/p,

where p is the dynamical viscosity coefficient and p is the pressure. The BGK model gives a fixed Prandtl
number Pr = 1.0, which could only make one parameter correct, i.e., the viscosity or heat conduction. A
numerical fix to make both coefficients correct will be addressed next in the Prandtl number fix part. For
the viscosity coefficient, x4 can take any reasonable form in the determination of 7. The simplest case is that
1 keeps a constant. In the shock-boundary interaction case, p will take the Sutherland’s law,

p= Noo(%)3/2 T:,f‘):SS,

where T, and S are the temperatures with the values T, = 285K and S = 110.4K.

Theoretically, the dissipative structure, such as the shock thickness, is solely determined by the physical
viscosity. The structure should be independent of the cell size and time step used in a numerical scheme.
However, even though the Navier-Stokes equations are accurately solved by the BGK method, if the cell size
is not fine enough to resolve the wave structure, the physical one has to be replaced by a numerical one. For
example, the physical shock thickness is replaced by the numerical cell size. In such a situation, we cannot
solve the Navier-Stokes equations with the original physical viscosity. The effective viscosity in such a case



should be a combination of the physical and numerical ones. Different from many upwinding schemes, the
BGK method cannot simply take the apology to admit that the implicit numerical viscosity is included in
the under-resolved flow region. Since the BGK method is such an accurate Navier-Stokes flow solver, even
in the under-resolved discontinuity region, the required additional numerical viscosity which is consistent
with the numerical shock thickness has to be explicitly included. Since the jump in the flow variables at
a cell interface, see Fig.(4.1), represents basically the under resolveness and appears automatically in high
gradient flow region, the collision time 7 used in all simulations in this paper takes the following form,

14 |pl//\l _Pr//\rl
2.21 T=— -_—
(2.21) p o po/n

where At is the CFL time step and the second part corresponds to the numerical viscosity. The second

At,

term on the right hand side in the above equation is related to the pressure jump at the cell interface in the
reconstructed initial data. In the continuum flow region, this term will become very small. As shown in the
test cases, this term neither poisons the boundary or shock layer calculations in the well resolved cases, nor
reduces the shock capturing ability of the BGK scheme in the under-resolved region.

The obvious advantage of the BGK method is that it solves a viscous governing equation with an explicit
dissipative coefficient all the time, which avoids the ambiguity of implicit dissipation in many upwinding
schemes due to the wave modeling in the Riemann solvers [31]. Even though the shock jump with a width of
2 or 3 cell size can be captured nicely in the Godunov type schemes, the dissipation there for the construction
of such a shock structure is solely coming from numerics. There is no reason to guarantee that the same
numerical dissipative mechanism works in all physical situations [39]. The BGK scheme explicitly includes
the physical and numerical ones into the algorithm. The fluid behavior in both smooth and discontinuous
regions are described uniformly by the collisional BGK model with an adaptive collision time. The adaptation
of collision time i necessary physically and numerically.

Even the Navier-Stokes equations with an adaptive local viscous coefficient can be solved by the Godunov-
type method, there are still difference between it and the BGK method. The BGK scheme gives a solution
under the general initial condition (Fig.(4.1)) without separating the inviscid and viscous terms, it is difficult
to design such an unsplitting time accurate Godunov method for the Navier-Stokes equations. Even for
the same mass, momentum, and energy distributions, see Fig.(4.1) again, the kinetic scheme uses a non-
equilibrium state fo to describe it. The macroscopic description could only see an equilibrium state initially.

2.4.3. Limiting cases. The BGK scheme based on the BGK model is valid for the Navier-Stokes
solution in both 7 < At and 7 > At region. If the collisionless Boltzmann equation f; + uf, = 0 is solved,
the gas distribution function (2.17) goes to

f=folz —ut)
(2.22) = [1 - 7r(uat + A" — tua!] Hiulg" + [1 — 7(ua” + A") — tua"] (1 — H[u])g".

This is a 2nd-order time accurate scheme and is the limiting solution of Eq.(2.17) under the condition 7 >> At.
If the above distribution function is further simplified to the 1st-order time accuracy, it becomes

(2.23) f=[1-r7(ud + AYH] Hjulg" + [1 — 7(ua" + A™)] (1 — H[u))g".

The above distribution is ideally the same as the one used by Chou and Baganoff in their gas-kinetic Navier-
Stokes solver [6]. In their approach, a direct implementation of the Chapman-Enskog distribution of the
Boltzmann equation is used to split the flux. The non-equilibrium state in our case is solely consistent with
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the BGK model. From the BGK scheme, we can clearly understand the limitation of the Chou-Baganoff’s
Kinetic Flux Vector Splitting Navier-Stokes (KFVS NS) method. Because Eq.(2.23) is the limiting case of
Eq.(2.17) with 7 > At, Eq.(2.23) is only valid for the Navier-Stokes solution under such a limiting condition.
In other words, KFVS NS scheme approaches the Navier-Stokes solution accurately if the condition p/p > At
is satisfied. In u/p < At region, the KFVS NS scheme could behave badly for the Navier-Stokes calculation.
In the later case, the free transport mechanism in the KFVS NS solver regards the time step At as the particle
collision time, subsequently poisons the physical viscous solution. This artifact can be ignored only in the
case At < u/p, where the physical viscous term is dominant. In order to get a more accurate understanding
about the above analysis. In the following, we are going to qualitatively estimate the KFVS NS scheme in
the shock and boundary layer simulations. Suppose we need N ~ 10 cells to resolve a NS shock structure or
boundary layer. Since the shock thickness is proportional to the mean free path I,, in the shock layer case
we need [, = NAz. Then, the condition u/p > At becomes

cl Az
pPClg >

= N>

I 1
= At= —
D U+ ¢ M+1

where ¢ is the sound speed, U is the macroscopic velocity, and M is the Mach number. For any shock
wave with M > 1, the above relation can be satisfied. Therefore, the KFVS NS scheme could give an
accurate NS shock structure [6]. We have also tested both Eq.(2.22) and (2.23) in the shock structure
calculations in Case(1) of the numerical experiment section in the current paper. Both formulations give an
accurate solution. However, if the boundary layer is resolved with the same number of grid points, we have
\/W = NAz. In this case, the condition u/p > At goes to

N2Azx 1

M
T >>M+1’

where z is the distance between the point in the boundary measured and the leading edge, which is on the
order of N2Az. Therefore, for the subsonic boundary layer, such as M ~ 0.1, the above condition cannot be
satisfied. The KFVS NS scheme cannot be an accurate NS solver in this case. Fig.(4.14) verifies the above
analysis for both Eq.(2.22) and (2.23). Recently, it is interesting to observe that the KFVS NS method could
give consistent results with DSMC simulation in the near continuum regime with the implementation of slip
boundary condition [18]. The current BGK scheme can cover the similar cases.

For the Euler solution, Eq.(2.23) can be further simplified,

(2.24) f=Hlulg' + (1 - H[u))g",

where the nonequilibrium state is totally removed. This is precisely the KFVS scheme for the compressible
Euler equations [25, 26, 20, 23]. The above KFVS scheme has been well studied and applied to many
physical and engineering problems. A earlier version of the above scheme is the beam scheme, where instead
of Maxwellians the equilibrium states g' and g" are replaced by three Delta functions or particles [27]. As
analyzed recently [30], the Steger-Warming method can be represented as a “beam scheme” too. But, due
to their slight difference in the particle representation, such as the lack of internal energy in the second
“particle” in the Steger-Warming method [30], it is less robust than the beam scheme. The relation between
the beam scheme and the Lattice Boltzmann method is analyzed in [40].

With the above connection between the KFVS scheme and the Steger-Warming method, it is easy to
understand the poor performance of many FVS schemes in the viscous boundary layer calculations [28, 33, 34].
Similar to the KFVS scheme, for the Navier-Stokes solution FVS methods also require p/p 3> At. Due to
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the symmetric lattice and diagonal transport, the Lattice Boltzmann Method (LBM) is very fortunate in this
aspect. It does present an accurate NS solution in the incompressible limit [5, 12]. The reason for this is that
with a symmetric lattice, the free particle transport mechanism from one node to another node could generate
an artificial viscous term which is consistent with the Navier-Stokes term and its coefficient is proportional
to —%At. Therefore, in a fixed time step case the numerical dissipative term can be absorbed in the physical
one [16]. As a result, the final viscosity coefficient in the Lattice BGK (LBGK) method is proportional to
(r — At/2), where At = 1 is used there. There is no a precise analogue between the finite volume KFVS
scheme and the Lattice Boltzmann method. Due to cell averaging, reconstruction process, and the non-
isotropic transport, such as the lack of diagonal transport, the KFVS scheme has a much more complicated
dissipative mechanism. But, the numerical viscosity coeflicient v, can be still approximately estimated for
a lst-order KFVS scheme using a simple shear flow model [19], which gives the same result as 7 = At in the
LBGK method. The development of a multidimensional upwinding scheme will depend not only on the wave
modeling, but more closely on the mesh construction. More precisely, it depends on whether a numerical
mesh could preserve the isotropic and homogeneous properties of the fluid equations. CFD community
usually has less experience in this aspect. There is something we can learn from the Lattice Boltzmann
method, where the symmetry, invariants, etc., are the main concerns in their algorithm developments. In

some sense, a triangular mesh has more symmetry and isotropic property than a rectangular one.

2.4.4. Prandtl Number Fix. It is well known that the BGK scheme corresponds to unit Prandtl
number. In order to change the above Prandtl number to any realistic value, many attempts have been
proposed. The most well known one is the BGK-Ellipsoidal-Statistical (BGK-ES) collision operator [14],
where the equilibrium state in the BGK model is replaced by an anisotropic Gaussian (without considering

internal variables),

G = \/ﬁexp <—%(Ui = U)T H(uy — Uj)) )

where pT = 5-RTI+ (1 — $-)p® is a linear combination of the stress tensor p® = [ (u; — Uy)(u; — U;) fdE
and of the Maxwellian isotropic stress tensor pRT'I. If we extend the current BGK scheme to the above
BGK-ES model, considerable work has to be devoted to capture the time evolution of the above anisotropic
stress tensor.

As mentioned earlier, the BGK model itself can always make one coefficient correct, the viscosity or heat
conduction. In the BGK method, we have obtained explicitly the time dependent gas distribution function

f at the cell interface Eq.(2.17). Therefore, the time-dependent heat flux can be evaluated precisely,
1

(2.25) 7=73 /(u —U) (u=U)* + (v =V)* +¢) fdz,

where the average velocities U and V are defined by

U:/ude//de , V:/vde//de.

Then, the easiest way to fix the Prandtl number for the BGK scheme is to modify the energy flux by
subtracting the above heat flux (2.25) and adding another amount with a correct Prandtl number,

1
(2.26) FRW = F + (= — 1)q,
Pr
where Fp is the energy flux in Eq.(2.19). This fix can be equally applied to the BGK Discrete Velocity

Model (DVM), where the discrete distribution function f is known [21].
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In a smooth flow region, the above Prandt]l number fix can be further simplified. Since the gas distribution
function in such a case reduces to f = go [1 —r(au+ A) + t/i], the corresponding heat flux is

e == [ gnlu = Vo) (s = Ut = Vaths + 5 (U3 + V) au + A)az

—7'/90(“ — Uo) (b4 — Ugtpe — Voibs ) (au + A)d=
(2.27) = -7 /go((‘w2w4 + Autpy — Up(au® + Au®) — Vo (au®v + Auv))dE.

So, in this case we can simply replace ¢ in Eq.(2.26) by the above ¢,. This is the formula we are going to use
in the Couette flow and the shock boundary interaction cases in the next section. There will not have much
CPU time involved in the above Prandtl number fix, since all momentum in Eq.(2.27) have been obtained
already in the evaluation of the original energy flux Fr. The above Prandtl number fix with the evaluation
of g, is similar to the method proposed in [4]. The difference is that all terms related to A in Eq.(2.27) was
ignored in [4], which will introduce errors in the unsteady flow calculation. As mentioned earlier, the correct
nonequilibrium state in the BGK scheme should be proportional to (ua@ + A)go instead of uag.

The Prandtl number fix (2.26) is a post-processing correction, which is basically a numerical fix. But,
to the Navier-Stokes order, the above fix is physically founded. Theoretically, the BGK-ES model is also
a numerical fix, but it is on the dynamical level. Dynamically, keeping an anisotropic Gaussian for the
equilibrium distribution function seem no any physical basis. The real physical weakness of the BGK model
is that the collision time is independent of particle velocity, this fact is different from the phenomena with
an anisotropic temperature distribution, where the temperature is directionly dependent. If only a correct
Prandtl number is required, there is no reason to construct more and more complicated kinetic models.

2.4.5. Boundary Condition. For the Navier-Stokes equations, the no-slip boundary condition is ob-
tained by creating two ghost cells, where the velocities in the ghost cells are reversed from the velocities
inside the computational domain, see Fig.(4.3). For the adiabatic wall condition, where there is no heat
flow through the boundary, the mass and energy densities in the ghost cells should be symmetric around the
boundary,

pP-1=pM 5 E = El’

pP—2 = pP2 5 E ,= E27

where —1 and —2 represent the 1st and 2nd ghost cells. Due to the above boundary condition, we can easily
prove that the mass flux ¥, = 0 and the heat flux ¢ = 0 at the wall for the BGK scheme.

For the isothermal boundary condition, where the boundary keeps a fixed temperature, such as Ag =
m/(2kTp), in order to keep a 2nd-order accuracy of the scheme at the boundary we have to carefully derive
the flow variables in the ghost cell. In the following, we only consider the case where the nonlinear limiter is
not applied at the boundary cells. Therefore, we only need to construct the flow variables in the first ghost
cell, see Fig.(4.3). In order to have the non-slip condition, we first have

U_1 = —U1 s V—l = _‘/la

which gives Uy = 0 and V; = 0 at the wall. Since the temperature at © = 0 (location of the boundary) has
a fixed value Ag, the slope of temperature in space at the boundary is
oA A1 — o
(o= "2,
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where A; is the “temperature” in the first cell inside the computation domain. Therefore, the temperature
in cell —1 becomes

1 oA
/\_1 = /\0 - iAx(%)O

Since the energy density in cell —1 is determined by

1 P—-1
Y- 1 2/\_1 ’

1
(2.28) E_, = ip_l(Uil +V2)+

the only unknown in the above formulation is p_;. In order to determine p_;, we need to use the condition
that there is no net mass flux transport across the boundary. Since the mass transport in a time step At
can be expressed as (no limiter involved),

At
Am:O:/ /u[l—r(au+ﬁ)+tﬁ]godtd5
0

At _
= / /u(l + tA)godtd=
0

1
= At(pollo) — 5 (At)? / au? god=

_ Lo (L ey _ o OA
o Z(At) <2/\0(6x)0 2/\8(6:17)0)’

which gives

100, 10
00 020 " g 0z

The discretized form of the above equation is

pr—p-1 1 0O

2.29 = —(—
(2.29) pLtp-1 2 (396'

)OAIL',

from which p_; can be derived. The above isothermal boundary boundary condition will be used in the
Couette flow simulation. For a moving isothermal boundary, such as that with a velocity Vp, the only change
from the above isothermal boundary condition is that V-velocity in the cell —1 is replaced by

Vo=V - %Al'(g—‘;)o,
where (0V /0z)g = 2(V1 — V) /Ax.

Another important observation from the kinetic scheme is that it can introduce slip condition easily
through the use of appropriate flux boundary condition. The kinetic scheme can be matched with the
DSMC method in the near continuum regime only after the implementation of the slip condition at the solid
boundaries. The basic formulation of kinetic slip boundary is based on the fact that with the introduction
of gas distribution function, we can explicitly evaluate the amount of particles hitting the boundary, then
according to the accommodation coefficients for the momentum and energy, and the temperature at the wall,
we can re-emit the same amount of particles with a pre-described distribution function. As a result, the
appearance of slip at the boundary is obtained naturally and is consistent with the DSMC type boundary
condition in the near continuum regime due to their common kinetic considerations. More discussion and

the specific application of slip boundary can be found in many kinetic books and papers [22, 17, 3, 2, 6, 18].
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2.5. Artificial viscosity — Godunov — BGK method. In the CFD algorithm development, the
two classical pioneering papers for the shock capturing schemes are by von Neumann and Richtmyer [35]
and by Godunov [8]. Since any physical solution has to be described in the discretized space and time, the
limitation of cell size and time step has to be considered. von Neumann and Richtmyer realized that the
numerical shock thickness needs to be compatible with the cell size. So, the central idea in [35] is that a
viscous governing equation with an enhanced viscosity coefficient has to be solved numerically.

The success in Godunov method is that it introduces a discontinuity in the flow representation. In the
under-resolved flow simulation, due to the large cell size, a discontinuity will appear naturally in the initial
data. The implementation of a discontinuity is much more important than the introduction of the Riemann
solver. The cell interface discontinuity gives a more realistic representation about the physical situation. The
numerical dissipation involved in the discontinuity can hardly be recovered by a delicate viscosity coefficient
[39]. But, for a second order scheme with high-order initial interpolation, the dissipation introduced in
the discontinuity is much reduced, which is not enough to construct a numerical shock wave. From our
experience, we have the following conjecture. If a Generalized Riemann Problem (GRP) is correctly solved
for the Euler equations with the inclusion of initial slopes in the gas evolution stage, see Fig.(4.1), a 2nd-order
(in both space and time) accurate scheme cannot properly capture the numerical shock waves. Even with
the discontinuity at a cell interface, additional numerical dissipation is still needed. As a special case, the
Lax-Wendroff scheme is actually a generalized Riemann solver under the continuous initial condition.

The methodology of the BGK scheme is in somehow to combine the two important issues risen in the
above two methods, (i) a viscous governing equation with an enhanced viscosity coefficient (2.21) is solved,
and (ii) follows the time evolution of the flow distribution from a discontinuious initial data. Both factors
are important for the development of a robust scheme for the fluid simulation. In the smooth region, the
additional numerical viscosity and the discontinuity at the cell interface disappear. The BGK scheme goes
back to the traditional Lax-Wendroff type central schemes for the NS equations.

3. Numerical Experiments. The current scheme has been applied to several test cases ranging from
simple Couette flow to the complicated shock-boundary interaction case. Unless otherwise stated, in all
numerical examples reported, the particle collision time is given by Eq.(2.21), v = 1.4. The time step At in
all calculations are determined by CFL number equal to 0.7. All steady state solutions are obtained from
the time accurate BGK solver with a long time integration.

Case(1) Couette Flow with a Temperature Gradient

Couette flow with a temperature gradient provides a good test for the BGK scheme to describe the
viscous heat conducting flow. With the bottom wall fixed, the top boundary is moving at a speed U. The
temperatures at the bottom and top are fixed with values T and 77. The analytic steady state temperature
distribution is

(3.1)

T,-T, H ' 2 H

where H is the height of the channel, Pr is the Prandtl number, Ec is the Eckert number Ec = U?/C,,(T1 —To),
and C,, is the specific heat ratio at constant pressure.

We have set up the simulation as a 1D problem in the x-direction. There are 20 grid points used in
this direction from 0 to 1 with H = 1.0. The moving velocity at the right boundary in the y-direction is
V1 = 1.0. The initial density and Mach number of the gas inside the channel are 1.0 and 0.1 respectively.
The isothermal no-slip boundary conditions are implemented at both ends. We have tested the current BGK
scheme with a wide range of parameters. (i). specific heat ratio v = 7/5,5/3, and 2.0, (ii). different Prandtl
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number Pr = 0.5,0.72,1.0,1.5, and 2.0, (iii). different collision time 7, which ranges from 0.01At to 1.5A¢t.
With the variations of parameters, all simulation results fit the exact solutions very well. Fig.(4.4) and (4.5)
present the solutions in a few cases with different Prandtl numbers and Eckert numbers. From these figures,
we see that the Prandtl number fix does modify the heat conduction term correctly.

Case(2) Navier-Stokes Shock Structure

This is also a 1D case, which is mainly to test the performance of the BGK scheme from the shock
capturing to shock structure calculation. The initial condition is that a stationary shock with Mach number
M = 1.5 is located at x = 0. The viscosity coefficient for the Navier-Stokes equations takes a value v =
0.00025, which corresponds approximately to a shock thickness, I, ~ 1/300. We have tested 6 cases with
different cell size, which ranges from the under-resolved case with Az = 1/100 to the well resolved case with
Az = 1/3200.0. The simulation results for density, velocity, and temperature distributions are shown in
Fig.(4.6)-(4.8). From the coarse mesh to fine mesh cases, the shock structure gradually appears and it does
converge to the exact Navier-Stokes solution. In the coarse mesh case, the BGK scheme could capture the
shock jump crisply without any oscillation. Since the physical collision time 7 is determined by Eq.(2.21),
with the change of cell size, the maximum ratio of /At ranges approximately from 0.3 to 10 through these
cases.

We have also tested the schemes based on Eq.(2.22) and (2.23) in the above shock structure calculation.
Both methods give accurate Navier-Stokes solutions in this case, which is consistent with the observation in
[6].

Case(3) Mach 3 Step Problem

The 2D Mach 3 step problem was first proposed by Woodward and Colella [36]. The computation is
carried out on a uniform mesh with 120 x 40 cells, and the cell size used is Az = Ay = 1/40. In order to test
the viscous effect on the flow structure, we have used different Reynolds number Re = UL /v = 10°,10%, 50,
where the length scale is L = 1.0 and the upstream velocity is U = 3.0. The adiabatic slip Euler boundary
condition is imposed at the boundaries in order to avoid the formation of viscous boundary layer. The density
and pressure distributions at different Reynolds number are presented in Fig.(4.9)-(4.11). From these figures,
we can clearly observe the effect of viscosity coefficient on the flow structure, such as the shear layer and
the shock wave structure. Especially, in the case with Re = 50, the shock structure is well resolved. It is
interesting to compare the BGK solution and the DSMC simulations in small Knudsen number regime, such
as the case Fig.(14.29) in [2]. Due to the inclusion of non-equilibrium state and the easy implementation
of kinetic slip boundary condition, the BGK scheme does provide a potential method to connect the Euler
solution with the rarefied solution through the Navier-Stokes at near continuum regime.

Case(4) Laminar Boundary Layer Case

A laminar boundary layer with Mach number M = 0.15 and Re = 10° is tested over a flat plate. A
rectangular mesh with 120 x 30 grid points is used and the mesh distribution in shown in Fig.(4.12). The
U velocity contours at the steady state are shown in Fig.(4.12). The U and V velocity distributions at the
locations ¢ = 6.438 and x = 34.469 are plotted in Fig.(4.13), where the solid lines are the exact Blasius
solutions in the x and y directions. Due to the rectangular mesh, the number of grid points in the boundary
layer at different locations are different. In both locations, the numerical solutions fit the exact solution very
well. Due to the high Reynolds number in this case, the physical collision time 7 determined by the viscosity
coefficient is much smaller than the time step At, i.e., 7 < At. For this case, the previous BGK schemes
could also capture the boundary solution correctly [37]. The results presented in Fig.(12) of [4] about the
BGK scheme are due to the mis-use of the viscous term in the Chapman-Enskog expansion as stated earlier.
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When Eq.(2.22) and (2.23) are used for the flux calculation in the above boundary layer case, the
simulation results are shown in Fig.(4.14). For the time accurate collisionless Boltzmann solution (2.22), the
effective viscous coefficient is approximately proportional to (uprys + Atp/2), where pppys is the physical
viscosity coefficient and At/2 is comming from the free transport mechanism. For the 1st-order time accurate
and 2nd-order space accurate scheme (2.23), the viscosity coefficient of the scheme is roughly proportional
t0 (tphys — Atp/2), where the forward Euler time steeping introduces an antidiffusive term (~ —Atp).
Therefore, the solution in Fig.(4.14a) is more diffusive, and the solution in Fig.(4.14b) is less diffusive
than the physical solution determined by pipnys. Due to the stretched mesh, initial data reconstruction,
and directional splitting, the motion of the numerical fluid from Eq.(2.22) and (2.23) has a complicated
dissipative nature. The above effective viscosity estimates are only from the physical intuition. As we can
see from Fig.(4.14), the similarity solution is even lost. This means that the effective dissipative coefficient
depends on local mesh size.

Case(5) Shock Boundary Layer Interaction

This test is about the interaction of an oblique shock at an angle 32.6° with a boundary layer. The Mach
number of the shock wave is M = 2.0 and the Reynolds number for the upstream flow is Re = 2.96 x 10°. The
dynamical viscosity p used here is the Sutherland’s law, and the Prandtl number is equal to 0.72. A mesh
similar to Fig.(4.12) with 110 x 60 grid points are constructed. The skin friction and pressure distributions
at the surface of the plate is shown in Fig.(4.15), where the data * is the experimental data from [9]. The
pressure contours in the whole computational domain is shown in Fig.(4.16). Due to the high Reynolds
number, the shock structure is not well resolved in this case. So, in terms of the shock, it is only a shock
capturing scheme. But, in terms of the boundary layer, it is a Navier-Stokes solver because the boundary
layer is well resolved. In this test, the condition 7 < At is satisfied. The previous BGK schemes work as
well. The numerical solution from the previous BGK scheme is shown in [38]. However, for the KFVS and
FVS schemes, the numerical dissipation could easily poison the boundary layer solution, since their validity
condition is p/p > At.

4. Conclusion. This paper extends the BGK scheme to include the non-equilibrium state as the initial
gas distribution function. As a result, a consistent BGK scheme for the Navier-Stokes equations is developed,
which is valid in both 7 < At and 7 > At regions. The new scheme works not only in the viscous shear
or boundary layer cases, where 7 < At is satisfied, but also in the construction of a Navier-Stokes shock
structure, where 7 3> At. The KFVS NS method and KFVS scheme are the limiting cases of the current
BGK scheme in the case u/p > At, and both schemes are applicable to simulate the Navier-Stokes equations
only under such a limiting condition. Also, the kinetic boundary condition, Prandtl number fix, as well as
the relation among different schemes, are discussed in this paper.

Following previous papers [24, 42, 41], the present paper shows a progressive development of the BGK-
type schemes. The comprehensive numerical results presented in this paper and the physical and numerical
analysis about the scheme indicate the level of maturity achieved by the gas-kinetic BGK method.

Appendix A
Moments of the Maxwellian Distribution Function. In the gas-kinetic scheme, we need to evaluate
moments of a Maxwellian distribution function with bounded and unbounded integration limits. Here, we
list some general formulas.

Firstly, the Maxwellian distribution for a 2D flow is

g = p() 5 MU+ 0=V )+
™
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where £ has K degrees of freedom. Then, by introducing the following notation for the moments of g,

p{.) = /(...)gdudvdf,
the general moment formula becomes
(u"o™e) = (") (™ )E,

where n and m are integers, and [ is an even integer (owing to the symmetrical property of £). The moments
of (¢') are:

@ =5

| 3K K(K-1)
(£4>_(W+T)

The values of (u™) depend on the integration limits. If the limits are —oo to 400, we have

n+1,
")

o or from —oo to 0 as (...)

(W) = U@y +

When the integral is from 0 to +oc0 as (...) the error function and the

> <0
complementary error function, appear in the formulation. Thus, the moments for 4™ in the half space are,

(U)o = %erfc(—\/XU)

1 e—AU2
(u)so =Uw®)s0+ 5

VARVEON

n+1
2A

(W) oo = U@t 5o + (u")>o0-

and,

(U)o = %erfc(\/XU)

1e~M?

(W) oo = Uu®)<o - iﬁ

n n n+1,
W eo = U@ o + 3N (u")<o

Same formulation can be obtained for (¢v™) by changing U to V in the above moments of {(u™).
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Appendix B

Solution of Matrix Equation b = Ma . In the gas-kinetic scheme, the solution of the following equations
is used many times,

bl aq

b2 as
(4.1) =M ,

b3 asg

b4 aa

where b and M are known. The matrix M is from the integration of a Maxwellian, i.e., Mag = [ ¥at0ggd=/p,
and has the form

1 U 1% B
U U?+1/2) uv B,
1% uv VZsl/2n Bs |’
B Bs Bs By

where

B, = %(U2 + VI (K +2)/2)),
By = %(U3 + VU + (K +4)U/2)),

By = (V34 UV + (K +4)V/2))

N | =

and

1
4
The solution of Eq.(4.1) is the following. Define

Bs ((U2 + V4 (K +49)(U? +V2)/A+ (K2 + 6K + 8)/4/\2) .

K42

Ry =2by — (U2 +V? 4+ T)bla
Rg = b3 — Vi,
Ry = by — Uby,
the solution is
4N?

aqg = (R4 - 2UR2 - 2VR3),

K+2

ag = 2/\R3 - VR4,

ag = 2/\R2 - UR4,
and

K+2

1
aq :bl —Uaz—Va3—§a4(U2+V2+T).

19



REFERENCES

[1] P.L. BHATNAGAR, E.P. Gross, AND M. KroOK, A Model for Collision Processes in Gases I: Small
Amplitude Processes in Charged and Neutral One-Component Systems, Phys. Rev., 94 (1954), pp.
511-525.

[2] G.A. BIrD, Molecular Gas Dynamics and the Direct Simulation of Gas Flows, Oxford Science Publi-
cations (1994).

[3] C. CERCIGNANI, Rarefied Gas Dynamics, Cambridge University Press (2000).

[4] D. CHAE, C. KiM, AND O. RHO, On Godunov-Type Methods Near Low Density, J. Comput. Phys.,
158 (2000), pp. 1-27.

[6] S. CHEN AND G. DOOLEN, Lattice Boltzmann Method for Fluid Flows, Ann. Rev. Fluid Mech., 30
(1998), pp. 329-364.

[6] S.Y. CHOU AND D. BAGANOFF, Kinetic Fluz-Vector Splitting for the Navier-Stokes Equations, J.
Comput. Phys., 130 (1997), pp. 217-230.

[7] S.M. DESHPANDE, A Second Order Accurate, Kinetic-Theory Based, Method for Inviscid Compressible
Flows, NASA Langley Technical Paper No. 2613 (1986).

[8] S.K. GopuNov, A Difference Scheme for Numerical Computation of Discontinuous Solutions of Hy-
drodynamic Equations, Math. Sbornik, 47 (1959), p. 271.

[9] R.J. HAKKINEN, L. GREBER, L. TRILLING, AND S.S. ABARBANEL, NASA Memo. 2-18-59W (1959).

[10] A. HARTEN, On a Class of High Resolution Total Variation Stable Finite Difference Schemes, SIAM J.
Numer. Anal., 21 (1984), pp. 1-23.

[11] A. HARTEN, B. ENGQUIST, S. OSHER, AND S. CHAKRAVARTHY, Uniformly High Order Accurate
Essentially Non-Oscillatory Schemes, III, J. Comput. Phys., 71 (1987), pp. 231-303.

[12] X. HE aND L.S. Luo, Lattice Boltzmann Model for the Incompressible Navier-Stokes Equation, J.
Statist. Phys., 88 (1997), pp. 927-944.

[13] C. HirscH, The Numerical Computation of Internal and External Flows, John Wiley & Sons, Vol. 1
and 2 (1990).

[14] L.H. HotwaAy, Kinetic Theory of Shock Structure Using an Ellipsoidal Distribution Function, Rarefied
Gas Dynamics, Vol. 1 (Proc. Fourth International Symposium) (1966), pp. 193-215.

[15] A. JAMESON, Positive Schemes and Shock Modeling for Compressible Flows, Int. J. Num. Met. in Fluids,
20 (1995), pp. 743-776.

[16] M. JUNK AND S.V.R. Ra0, A New Discrete Velocity Method for Navier-Stokes Equations, J. Comput.
Phys., 155 (1999), pp. 178-198.

[17] M.N. KOGAN, Rarefied Gas Dynamics, Plenum Press, New York (1969).

[18] T. Lou, D.C. DAHLBY, AND D. BAGANOFF, A Numerical Study Comparing Kinetic Flux-Vector
Splitting for the Navier-Stokes Equations with a Particle Method, J. Comput. Phys., 145 (1998),
pp. 489-510.

[19] M.N. MACROSSAN, The Equilibrium Fluxz Method for the Calculation of Flows with Non-Equilibrium
Chemical Reactions, J. Comput. Phys., 80 (1989), pp. 204-231.

[20] J.C. MANDAL AND S.M. DESHPANDE, Kinetic Fluz Vector Splitting for Euler Equations, Computers
& Fluids, 23 (1994), p. 447.

[21] L. MIEUSSENS, Discrete-velocity Models and Numerical Schemes for the Boltzmann-BGK Equation in
Plane and Azisymmetric Geometries, to appear in J. Comput. Phys. (2000).

20



[22] G.N. PATTERSON, Molecular Flow of Gases, Wiley, New York (1956).

[23] B. PERTHAME, Second-Order Boltzmann schemes for compressible Euler equation in one and two space
dimensions, STAM J. Numer. Anal., 29 (1992), pp. 1-19.

[24] K.H. PRENDERGAST AND K. XU, Numerical Hydrodynamics from Gas-Kinetic Theory, J. Comput.
Phys., 109 (1993), p. 53.

[25] D.I PuLLIN, Direct Simulation Methods for Compressible Inviscid Ideal Gas Flow, J. Comput. Phys.,
34 (1980), pp. 231-244.

[26] R.D. REITZ, One-Dimensional Compressible Gas Dynamics Calculations Using the Boltzmann Equa-
tions, J. Comput. Phys., 42 (1981), pp. 108-123.

[27] R.H. SANDERS AND K.H. PRENDERGAST, The possible relation of the three-kiloparsec arm to explosions
in the galactic nucleus, Astrophysical Journal, 188 (1974).

[28] J.L. STEGER AND R.F. WARMING, Fluz vector splitting of the inviscid gas-dynamic equations with
applications to finite difference methods, J. Comput. Phys., 40 (1981), pp. 263-293.

[29] M.D. Su, K. Xu, M. GHIDAOUI, Low Speed Flow Simulation by the Gas-Kinetic Scheme, J. Comput.
Phys., 150 (1999), pp. 17-39.

[30] H.Z. TanG AND K. XU, Pseudo-Particle Representation and Positivity Analysis of Explicit and Implicit
Steger-Warming FVS Schemes, accepted by ZAMP (2000).

[31] E. Toro, Riemann Solvers and Numerical Methods for Fluid Dynamics, Springer (1999).

[32] B. vaN LEER, Towards the Ultimate Conservative Difference Scheme IV, A New Approach to Numerical
Convection, J. Comput. Phys., 23 (1977), pp. 276-299.

[33] B. VAN LEER, Fluz-vector Splitting for the Euler Equations, ICASE Report No. 82-30 (1982).

[34] B. vaN LEeER, J.L. THOMAS, P.L. RoE, AND R.W. NEWSOME, A Comparison of Numerical Fluz
Formulas for the Euler and Navier-Stokes Equations, AIAA paper 87-1104 (1987).

[35] J. vON NEUMANN AND R.D. RICHTMYER, A Method for the Numerical Calculation on Hydrodynamic
Shocks, J. Appl. Phys., 21 (1950), pp. 232-237.

[36] P. WoODWARD AND P. COLELLA, Numerical Simulations of Two-Dimensional Fluid Flow with Strong
Shocks, J. Comput. Phys., 54 (1984), p. 115.

[37] K. XU, Gas-Kinetic Schemes for Unsteady Compressible Flow Simulations, VKI for Fluid Dynamics
Lecture Series 1998-03 (1998), Computational Fluid Dynamics.

[38] K. Xu, Comments on “Development of an Improved Gas-Kinetic BGK Scheme for Inviscid and Viscous
Flows”, preprint at http://www.math.ust.hk/~makxu (2000).

[39] K. XU AND Z.W. L1, Dissipative Mechanism in Godunov-Type Schemes, accepted by Int. J. Numer.
Methods in Fluids (2000). Also available at http://www.math.ust.hk/~makxu.

[40] K. Xu aND L.S. Luo, Connection Between Lattice Boltzmann Equation aend Beam Scheme, Int. J.
Modern Physics C, 9 (1998), pp. 1177-1188.

[41] K. Xvu, L. MARTINELLI, AND A. JAMESON, Gas-Kinetic Finite Volume Methods, Fluz- Vector Splitting
and Artificial Diffusion, J. Comput. Phys., 120 (1995), pp. 48-65.

[42] K. XU AND K. PRENDERGAST, Numerical Navier-Stokes Solutions from Gas-Kinetic Theory, J. Com-
put. Phys., 114 (1994), pp. 9-17.

21



 (P.PU, PV,E);
X172

Fi1G. 4.1. The reconstructed initial conservative variables around a cell interface, from which the nonequilibrium state fo
can be constructed. The BGK scheme is based on the the solution of the collisional BGK model with the above initial condition.

. ' x .
! Xjr1s2 H

F1G. 4.2. The spatial distribution of the initial state fo and the equilibrium state g at t = 0. The evaluation of g from
fo is given in Eq.(2.14)-(2.16). The final gas distribution function f in Eq.(2.17) at the cell interface x;1,1/9 is a nonlinear
combination of fo and g.
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Fia. 4.3. Boundary condition.
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/
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(b)

(o). adiabatic boundary condition, where the mass, energy densities are distributed

symmetrically around the boundary and the velocities are reversed. (b). isothermal boundary condition, where the velocity

vector is reversed in the ghost cell, but the mass and energy densities are derived in Eq.(2.28) and (2.29).
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Fia. 4.4. Temperature ratio (T —Tp)/(Th — To) in Couette flow. The solid line is the analytic solution given by Eq.(3.1),
and the circles are the numerical results from the BGK scheme. While the Eckert number is fized to 40, the Prandtl number

takes the values 2.5,1.0, and 0.72. The collision time T used in this scheme is about 0.1At.
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Fi1a. 4.5. Continuation of Fig.(4.4). While the Prandtl number is fized to 0.5, the Eckert number takes the values 40.0,20.0,

and 4.0.
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Fi1G. 4.6. Density distribution of a stationary shock wave with M = 1.5. The kinetic viscosity coefficient of the flow is
v = 0.00025, which corresponds to a shock thickness ls ~ 1/300. The numerical solution (+ sign) is obtained from the BGK
scheme with different cell sizes. The solid lines are the ezact Navier-Stokes solution. The cell sizes used are (a) 1/100, (b)
1/200, (c) 1/400, (d) 1/800, (e) 1/1600, (f) 1/3200.
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Fig. 4.7. Continuation of Fig.(4.6). Velocity distributions.
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Fic. 4.8. Continuation of Fig.({.6). Temperature p/p distributions.
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Fi1a. 4.9. Density and pressure contours in Mach 3 step problem on a mesh with 120 x 40 grid points. The Reynolds
number used in this case is Re=10% w.r.t. the upstream velocity U = 3.0 and the channel height L = 1.0. The solution is very

close to the solution of the Euler solvers. No special treatment is used around the step corner.
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F1¢. 4.10. Density and pressure contours in the step problem. The Reynolds number in this case is Re=103. Due to
larger viscosity, the shear layer is smeared.
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Fi1G. 4.11. Density and pressure contours. The Reynolds number is Re=50. The flow pattern becomes different from the
Euler solutions. The shock structure in front of the step is well resolved.
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Fi1a. 4.13. Continuation of Fig.({.12). U (upper) and V (lower) velocity distributions along the vertical lines ot x = 6.438
(circle sign) and x = 34.469 (cross sign) in the case with Re=10°. The solid lines are the exact Blasius solutions of U and V

velocities.
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Fig. 4.14. U velocity distributions from KFVS NS schemes. (a). Eq.(2.22), (b). Eq.(2.23).

X 10°° M =2, Re = 2.96x10°

Fia. 4.15. Shock-boundary interaction case. (upper): skin friction, (lower): pressure distribution, along the flat plate.
The * is the experimental data [9]. Solid line: numerical solution on a mesh 110 X 60 grid points.
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F1G. 4.16. Pressure contours of the shock-boundary layer interaction case.
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